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RotorsAbstract A comprehensive method based on system identiﬁcation theory for helicopter ﬂight
dynamics modeling with rotor degrees of freedom is developed. A fully parameterized rotor ﬂap-
ping equation for identiﬁcation purpose is derived without using any theoretical model, so the con-
ﬁdence of the identiﬁed model is increased, and then the 6 degrees of freedom rigid body model is
extended to 9 degrees of freedom high-order model. Bode sensitivity function is derived to increase
the accuracy of frequency spectra calculation which inﬂuences the accuracy of model parameter
identiﬁcation. Then a frequency domain identiﬁcation algorithm is established. Acceleration tech-
nique is developed furthermore to increase calculation efﬁciency, and the total identiﬁcation time
is reduced by more than 50% using this technique. A comprehensive two-step method is established
for helicopter high-order ﬂight dynamics model identiﬁcation which increases the numerical stabil-
ity of model identiﬁcation compared with single step algorithm. Application of the developed
method to identify the ﬂight dynamics model of BO 105 helicopter based on ﬂight test data is imple-
mented. A comparative study between the high-order model and rigid body model is performed at
last. The results show that the developed method can be used for helicopter high-order ﬂight
dynamics model identiﬁcation with high accuracy as well as efﬁciency, and the advantage of iden-
tiﬁed high-order model is very obvious compared with low-order model.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The helicopter is a very complex system and it is difﬁcult to
build helicopter ﬂight dynamics model with high accuracy.This is because the aerodynamic phenomenon of a helicopter
is very complicated. There is aerodynamic interference between
main rotor, fuselage, tail rotor, vertical tail and horizontal tail.
Besides, each degrees of freedom of a helicopter is highly cou-
pled. Conventional theoretical modeling techniques build a
helicopter ﬂight dynamics model based on various physical
laws. But in order to apply these physical laws to model a com-
plex system such as helicopter, it always needs to make a lot of
assumptions.1 Therefore, the accuracy of helicopter ﬂight
dynamics model built by theoretical methods is still not satis-
factory yet. Although it is necessary to continue improving
conventional techniques, other modeling methods based on
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to be developed.
The system identiﬁcation is a modeling technique based on
experimental data, and it only need make very few assump-
tions to construct mathematical models, so the accuracy and
conﬁdence of a model constructed using system identiﬁcation
are higher than conventional theoretical modeling techniques.2
When applying system identiﬁcation technique to build a heli-
copter ﬂight dynamics model, the modeling problem becomes
the extraction of a dynamic model based on input–output data
from ﬂight test database.3,4 Since the helicopter is unstable and
highly coupled, the identiﬁcation problem for helicopter ﬂight
dynamics model is much more difﬁcult than ﬁxed wing air-
craft. So when simply applying the identiﬁcation methods used
in ﬁxed wing aircraft to helicopter ﬂight dynamics modeling,
the identiﬁcation accuracy is not satisfactory.4 For the past
several decades, there are a lot of researches aimed to solve
the speciﬁc problems in identifying helicopter ﬂight dynamics
model, and plenty of papers have summarized these works
well. There are different identiﬁcation methods deﬁned for
helicopter ﬂight dynamics modeling problem and there are also
different identiﬁcation models from simple model such as
transfer function model to complicated model which is
described as a set of differential equations. For many
applications such as handling quality assessment, ﬂight control
system design etc., a linear model is sufﬁcient. The linear ﬂight
dynamics model can be expressed as transfer function or state
space equations. However, the identiﬁcation problem of state
space equation formed ﬂight dynamics model is quite compli-
cated even for a rigid body model or decoupled model. There
are lots of papers concerning the solution of this problems
well,4–11 and the identiﬁcation accuracy of these methods is
satisfactory when applying to low-order and especially decou-
pled models. In order to increase the identiﬁcation accuracy
and robustness, new techniques are also developed and have
already been applied to identifying fully coupled rigid body
models.12,13
However, the helicopter is a typical high-order system. For
some applications such as simulation model validation, high
bandwidth control system design etc., a high-order model is
required. The identiﬁcation of high-order ﬂight dynamics
model of a helicopter is much more difﬁcult than low-order
case. The key problems include how to establish a parameter-
ized high-order model for identiﬁcation purpose and how to
identify so many parameters that have large differences in sen-
sitivity. The study of high-order ﬂight dynamics model identi-
ﬁcation problem was started as early as the 1980s, and there
are also plenty of papers summing up their achievements in
this area. Some of these papers established rotor models from
experiment data14–16 that can predict rotor responses well.
However, the identiﬁcation models used in these papers are
mostly derived from theoretical models. Therefore, the conﬁ-
dence of these models is decreased. Some researchers devel-
oped the high-order identiﬁcation model for unmanned
aerial vehicles (UAVs)17–19, and these models have very simple
structure that has very few parameters to be identiﬁed. The
advantage of this kind of model is it increases the model accu-
racy especially at high frequency compared with low-order
model while it can still be identiﬁed easily (since it has simple
structure). However, the simple high-order model is not suit-
able for manned helicopters. This is because the amplitude of
high frequency responses of manned helicopter is much largerthan UAV, and the damping of manned helicopter is also lar-
ger than UAV. So a simpliﬁed rotor model cannot predict high
frequency rotor responses of a large helicopter with high
accuracy. The most accurate as well as the most complicated
high-order models that contain complete rigid body and rotor
derivatives are also developed by some researchers20,21 and
these models have already been used for high bandwidth con-
trol system design.22 It has already been proved that the fully
parameterized high-order model has the highest accuracy.
However, it is also the most difﬁcult one to identify. The most
difﬁcult part in the identiﬁcation of this kind of model is model
structure determination which is still not solved very well in
almost all of the published papers. Just as many authors
mentioned,21,23 the high-order ﬂight dynamics model identiﬁ-
cation of a helicopter is still a very difﬁcult problem, and a
more reasonable high-order identiﬁcation model structure as
well as more powerful identiﬁcation algorithm need further
investigation.
The aim of this paper is to establish a high-order helicopter
ﬂight dynamics model without using any theoretical models in
order to let the identiﬁed model have the highest conﬁdence. In
order to do this, a fully parameterized rotor ﬂapping model is
derived at ﬁrst, and then the low-order rigid body model is
extended to 9 degrees of freedom (DOFs) 14th order model.
Then a fast frequency domain identiﬁcation algorithm which
has both high accuracy and efﬁciency is developed for identiﬁ-
cation of dynamic system. A two-step identiﬁcation strategy is
established for identifying the high-order ﬂight dynamics
model. The application of the developed methods to BO 105
helicopter is implemented based on its ﬂight test data. A com-
parative study between low-order model and high-order model
is performed ﬁnally to show the advantage of using high-order
ﬂight dynamics model.2. Flight test database
In this paper, the ﬂight test data of BO 105 helicopter is used
for identiﬁcation. The ﬂight test was conducted in the 1980s by
the Deutschen Zentrums fu¨r Luft- und Raumfahrt (DLR)4 for
identiﬁcation purpose. The ﬂight test was started from trim
condition at a density altitude of 914 m in calm air environ-
ment, then the pilot used 3-2-1-1 band optimized excitation
signal to excite the helicopter in order to obtain its dynamic
characteristics. In this paper, there are totally two groups of
test data used for the research. One group of data was excited
by longitudinal stick input and the other group was excited by
lateral stick input, so both longitudinal and lateral dynamic
modes were sufﬁciently excited which is very important for
fully coupled model identiﬁcation. In each group of data, there
are several repeated test runs, so in this paper different test
data are used for model identiﬁcation and veriﬁcation. An
example input signal for one test run in the ﬂight test data is
shown in Fig. 1.
The original ﬂight test data contain high frequency noise
and measurement errors, so a data processing procedure is
required before identiﬁcation. In this paper, the standard data
processing technique including wild value elimination, low
pass ﬁltering, data compatibility examination and reconstruc-
tion is used to remove any unexpected terms in the test data.
Finally, all reﬁned data are put into a standard ﬂight test data-
base for further use in the identiﬁcation.
Fig. 1 3-2-1-1 band optimized excitation signal.
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The dynamic model for identiﬁcation purpose must have para-
metric form. The rigid body model can be easily expressed as
state space equations, but it is not easy to construct such kind
of high-order model. Semi-parameterized high-order model is
commonly used in early days,14–16 in which the theoretical
rotor ﬂapping model is partially parameterized. The experi-
enced rotor model is usually used for UAV helicopters, in
which the numbers of high frequency parameters are very lim-
ited. The fully parameterized high-order model is the most
accurate one but still need improving.20-23 In order to con-
struct fully parameterized high-order model, a fully parameter-
ized rotor ﬂapping model is required. So in this paper, a rotor
ﬂapping model without using any theoretical models is derived
at ﬁrst, then after the combination with rigid body model, the
fully parameterized ﬂight dynamics model is obtained.
3.1. Fully parameterized rotor ﬂapping model
In order to increase the conﬁdence of identiﬁed model, no the-
oretical rotor ﬂapping model is used in this paper, and only the
motion relationship between single blade ﬂapping and rotor
ﬂapping is used in the following derivation. Assuming that
the helicopter is in stable ﬂight and this is always true during
the ﬂight test for identiﬁcation purpose, a stable ﬂapping
of the rotor exists. Then the rotor ﬂapping angle has a relation-
ship with single blade ﬂapping angle which can be expressed as
Eqs. (1)–(3).
b0 ¼
1
N
XN
i¼1
bi ð1Þ
b1c ¼
2
N
XN
i¼1
bi coswi ð2Þ
b1s ¼
2
N
XN
i¼1
bi sinwi ð3Þ
where b0, b1c, b1s are coning angle, longitudinal ﬂapping angle
and lateral ﬂapping angle of a rotor, wi and bi are the azimuth
angle and ﬂapping angle of the ith blade separately, and N is
the total numbers of rotor blade.
Calculate the ﬁrst order derivatives to time variable t on
both sides of the above equations and then the following for-
mulations can be obtained.
_b0 ¼ 1
N
XN
i¼1
_bi ð4Þ_b1c ¼ 2
N
XN
i¼1
_bi coswi  X
2
N
XN
i¼1
bi sinwi
¼ 2
N
XN
i¼1
_bi coswi  Xb1s
ð5Þ
_b1s ¼ 2
N
XN
i¼1
_bi sinwi þ X
2
N
XN
i¼1
bi coswi
¼ 2
N
XN
i¼1
_bi sinwi þ Xb1c
ð6Þ
where X is the rotation speed of the main rotor.
Continue to calculate the second-order derivatives to time
variable t on both sides of Eqs. (4)–(6). A set of second order
differential equations can be obtained as shown in Eqs. (7)
and (8).
€b0 ¼ 1
N
XN
i¼1
€bi ð7Þ
€b1c ¼ 2
N
XN
i¼1
€bi coswi  X
2
N
XN
i¼1
_bi sinwi  X
2
N
XN
i¼1
_bi sinwi
 X2 2
N
XN
i¼1
bi coswi ¼
2
N
XN
i¼1
€bi coswi  2Xð _b1s  Xb1cÞ
 X2b1c ¼
2
N
XN
i¼1
€bi coswi þ X2b1c  2X _b1s ð8Þ
€b1s ¼ 2
N
XN
i¼1
€bi sinwi þ X
2
N
XN
i¼1
_bi coswi
þX 2
N
XN
i¼1
_bi coswi  X2 2N
XN
i¼1
bi sinwi
¼ 2
N
XN
i¼1
€bi sinwi þ 2Xð _b1c þ Xb1sÞ  X2 b1s
¼ 2
N
XN
i¼1
€bi sinwi þ X2b1s þ 2X _b1c
ð9Þ
Let
1
N
XN
i¼1
€bi ¼ M0rot,
2
N
XN
i¼1
€bi coswi ¼ M1crot and
2
N
XN
i¼1
€bi sinwi ¼ M1srot, then Eqs. (7)–(9) can be rewritten as:
€b0 ¼ M0rot ð10Þ
€b1c ¼ M1crot þ X2b1c  2X _b1s ð11Þ
€b1s ¼ M1srot þ X2b1s þ 2X _b1c ð12Þ
Eqs. (10) and (11) can be linearized and expressed as state
space equation which has the form:
_b ¼ Acbþ F ð13Þ
where b ¼ ½Db0;Db1c;Db1s;D _b0;D _b1c;D _b1s
T
is the rotor ﬂap-
ping state vector, F ¼ ½0; 0; 0;DM0rot;DM1crot;DM1srot
T
is a vector
containing rotor ﬂapping moments,
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0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 0 0 0
0 X2 0 0 0 2X
0 0 X2 0 2X 0
2
666666664
3
777777775
Similar to the technique used in rigid body model, the three
ﬂapping moments can be expressed as the product of state
increment and partial derivatives of moment to state variable
as shown in Eqs. (14)–(16), then Eq. (13) becomes the fully
parameterized rotor ﬂapping model which can be used in
identiﬁcation.
M0rot ¼
@M0rot
@b0
 Db0 þ
@M0rot
@b1c
 Db1c þ
@M0rot
@b1s
 Db1s
þ @M
0
rot
@ _b0
 D _b0 þ @M
0
rot
@ _b1c
 D _b1c þ @M
0
rot
@ _b1s
 D _b1s ð14Þ
M1crot ¼
@M1crot
@b0
 Db0 þ
@M1crot
@b1c
 Db1c þ
@M1crot
@b1s
 Db1s
þ @M
1c
rot
@ _b0
 D _b0 þ @M
1c
rot
@ _b1c
 D _b1c þ @M
1c
rot
@ _b1s
 D _b1s ð15Þ
M1srot ¼
@M1srot
@b0
 Db0 þ
@M1srot
@b1c
 Db1c þ
@M1srot
@b1s
 Db1s
þ @M
1s
rot
@ _b0
 D _b0 þ @M
1s
rot
@ _b1c
 D _b1c þ @M
1s
rot
@ _b1s
 D _b1s ð16Þ3.2. Fully parameterized high-order ﬂight dynamics model
The rigid body model is described as standard state space
equation, and the above rotor ﬂapping model also has the
same structure. So it is very convenient to combine the two
models together; then a 9 DOF 14th order ﬂight dynamics
model is obtained as shown in:
_x ¼ Axþ Bu ð17Þ
where x ¼ ½Du;Dm;Dw;Dp;Dq;Dr;Du;Dh;Db0;Db1c;Db1s;D _b0;
D _b1cD _b1sT is the state vector, u ¼ Ddlong;Ddlat;Ddcol;Ddped
 T
the control input vector, A the stability matrix with a dimen-
sion of 14 · 14, and B the stability matrix with a dimension
of 14 · 4.
The basic structures of matrix A and B are shown below:
A¼
Body derivatives    Body-rotor coupling derivatives
..
. ..
. ..
.
Rotor-body coupling derivatives    Rotor derivatives
2
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3
775
B ¼
Bodycontolderivatives
..
.
Rotorcontrolderivatives
2
664
3
775
The right side of Eq. (17) represents the aerodynamic forces
and moments as well as gravity in body axis. All of the resul-
tant forces and moments are linearized as the product of state
variable increment and partial derivatives of aerodynamic
forces and moments to the state variables. In the identiﬁcationmodeling, no theoretical aerodynamics model will be used,
indicating that no assumptions used in the theoretical model
will be introduced, so the accuracy and conﬁdence of identiﬁed
model is increased.
The parameters to be identiﬁed in Eq. (17) are the aerody-
namic derivatives and control derivatives in A and B matrix.
For the high-order model used in this paper, there are more
than 100 derivatives to be identiﬁed and the sensitivity of these
parameters has large differences in different response channels
and different frequency points. These characteristics usually
bring difﬁculties in the identiﬁcation procedure. In order to
obtain an accurate identiﬁcation result, a powerful identiﬁca-
tion algorithm and a proper identiﬁcation strategy are
required.
4. Comprehensive frequency domain identiﬁcation method for
high-order model
The frequency band of the preceding high-order ﬂight dynam-
ics model is wide. The time domain technique usually gives
higher weightings to low-frequency parameters, so the identiﬁ-
cation accuracy of high-order model using time domain tech-
nique is not satisfying unless giving equal weightings to all
the parameters to be identiﬁed manually.21 However, fre-
quency domain identiﬁcation method is a very useful tool to
solve this problem, so in this paper a fast frequency domain
identiﬁcation algorithm is developed ﬁrstly. Then a two-step
identiﬁcation strategy is established to solve the problems of
identifying helicopter high-order ﬂight dynamics model.
4.1. Fast frequency domain identiﬁcation algorithm
The existing frequency domain identiﬁcation method used in
helicopter ﬂight dynamics modeling can be divided into two
categories. One is to identify the model using normal frequency
spectra data directly21 and the other is to identify high-order
model based on frequency response function.20 Both methods
can provide good estimation for high-order models, but their
efﬁciency still needs improving. In this paper, a very efﬁcient
frequency domain technique is established which contains
three parts: initial value estimation, model structure identiﬁca-
tion and fast frequency domain output error method. The
ﬂowchart of the fast frequency domain identiﬁcation algorithm
is shown in Fig. 2, OPE means output error.
4.1.1. Initial value estimation
The initial value estimation is used to give a rough estimation
of all the parameters to be identiﬁed, so a simple identiﬁcation
method is used. First, rewrite Eq. (17) as Eq. (18) below. This
can be done by moving all the acceleration terms to the left
side of Eq. (17) and keeping all the parameters to be identiﬁed
on the right side.
YðtÞ ¼ XðtÞ  h ð18Þ
Second, apply Fourier transform on both sides of Eqs. (18)
and (19) can be obtained.
YðxÞ ¼ XðxÞ  h ð19Þ
Because the elements in output vector Y(x) and informa-
tion matrix X(x) are complex numbers at all non-zero fre-
quency points, it will introduce complex number calculation
Fig. 2 Flowchart of fast frequency domain identiﬁcation
method.
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complex variables, an alternate model shown below which
does not contain any complex number can be used to replace
Eq. (19) for initial value estimation.
~YðxÞ ¼ ~XðxÞ  h ð20Þ
where ~YðxÞ ¼ Re½YðxÞ þ Im½YðxÞ and ~XðxÞ ¼ Re½XðxÞþ
Im½XðxÞ are sums of real part and imaginary part of Y(x)
and X(x) separately.
Since Eq. (20) is a standard linear algebraic equation, least
square estimation method can be used directly to identify all
the parameters in vector h. This estimation can be done simply
by using Eq. (21).
h ¼ XTX 1XTY ð21Þ
4.1.2. Model structure identiﬁcation
The helicopter ﬂight dynamics model described as Eq. (17)
contains a lot of parameters and the sensitivity characteristics
of these parameters have large differences. This will usually
make the very important information matrix called Hessian
matrix to be ill conditioned, and the consequence is poor iden-
tiﬁcation accuracy. In the worst case, which easily occurs in
high-order model identiﬁcation, the whole identiﬁcation proce-
dure will diverge and no identiﬁcation result can be obtained.
In order to solve this problem, model structure identiﬁcation is
introduced before the ﬁnal parameter identiﬁcation.
In this paper, the model structure identiﬁcation is done by
using both Cramer-Rao bound and insensitivity function. The
formulas of these two criteria are shown in Eqs. (22) and (23)
respectively. Different to the current method, the calculation
of Cramer-Rao bound and Insensitivity function in this paper
are based on Bode sensitivity function which will be talked
about later. The main approach of model structure identiﬁca-
tion in this paper is to eliminate all the parameters that have
neither large value of Cramer-Rao bound nor insensitivity
function. The eliminated parameters will be ﬁxed to a constantvalue during the ﬁnal parameter identiﬁcation. The ﬁxed val-
ues of these parameters contain three possibilities: zero, prior
value or initial value estimation result. A comprehensive anal-
ysis based on theoretical model is used to determine the value
selection of these parameters.
ISðiÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðHiiÞ1
q
ði ¼ 1; 2;   Þ ð22Þ
CRðiÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðHÞ1ii
q
ði ¼ 1; 2;   Þ ð23Þ
where IS means insensitivity, CR means Cramer-Rao
equation.
After model structure identiﬁcation, all the insensitive
parameters are eliminated and there are only small differences
in sensitivity to all the remaining parameters. So the Hessian
matrix will not ill-conditioned anymore and an accurate iden-
tiﬁcation result is guaranteed.
4.1.3. Fast frequency domain output error method
A frequency domain output error method is used for the ﬁnal
parameter identiﬁcation in this paper. In order to do this, a fre-
quency domain model is required. Apply Fourier transform on
both sides of Eq. (17), the frequency model shown in Eq. (24)
can be obtained.
jxxðxÞ ¼ AxðxÞ þ BuðxÞ ð24Þ
The frequency domain response solution of the above
model is shown in:
xðxÞ ¼ ðjxI AÞ1BuðxÞ ð25Þ
The sensitivity of model responses to parameters to be iden-
tiﬁed can be easily calculated by using Eq. (26) below.
@xðxÞ
@h
¼
ðjxI AÞ1 @A
@h
ðjxI AÞ1BuðxÞ; h 2 A
ðjxI AÞ1 @B
@h
uðxÞ; h 2 B
8><
>: ð26Þ
Since the Bode plot is a very good description of the fre-
quency characteristics of model responses, an extended sensi-
tivity function based on Bode plot is derived in this paper.
First, rewrite Eq. (25) as Bode plot form shown below which
contains amplitude and phase expression.
xampðxÞ ¼ 20 lg jxðxÞj
xphaðxÞ ¼ arctan Im½xðxÞ
Re½xðxÞ
8<
: ð27Þ
The cost function for ﬁnal parameter identiﬁcation based
on Bode plot form response is shown as Eq. (28). Where k is
a weighting coefﬁcient used to ensure the amplitude and phase
of frequency responses have the same weightings during iden-
tiﬁcation. R is error covariance matrix and N the numbers of
frequency data used for identiﬁcation.
J¼ 1
N
XNx0
x¼x0
xampðxÞxampm ðxÞ
 T R1amp  xampðxÞxampm ðxÞ n
þk xphaðxÞxpham ðxÞ
 T R1pha  xphaðxÞxpham ðxÞ o ð28Þ
The Bode sensitivity function can be derived based on Eqs.
(27) and (28), and after some mathematical manipulation, Eq.
(29) can be obtained.
Fig. 3 Acceleration strategy for frequency domain output error
method.
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@hi
¼ 2
N
XNx0
x¼x0
20
ln 10
1
xðxÞj j
@xðxÞ
@hi

  R1amp  xðxÞj j

þk arctan Im½@xðxÞ=@hi
Re½@xðxÞ=@hi  R
1
pha  arctan
Im½xðxÞ
Re½xðxÞ
	
ð29Þ
Similarly, the Hessian matrix H can be calculated using Eq.
(30).
Hij ¼ @
2J
@hi@hj
¼ 2
N
XNx0
x¼x0
20
ln10
1
xðxÞj j

 2
@xðxÞ
@hi

 R1amp  @xðxÞ@hj


"
þkarctanIm½@xðxÞ=@hi
Re½@xðxÞ=@hi R
1
pha arctan
Im½@xðxÞ=@hj
Re½@xðxÞ=@hj
	
ð30Þ
Finally, the updating procedure of parameters to be identi-
ﬁed can be implemented using Eq. (31).
htþ1 ¼ ht H1  @J
@h
ð31Þ
There are many numeric methods that can be used to solve
the iteration problem of Eq. (31) and Newton–Raphson algo-
rithm is used in this paper.
Although a lot of parameters are eliminated from the high-
order model after model structure identiﬁcation, there are still
large numbers of parameters to be identiﬁed (more than 60).
The efﬁciency of the above identiﬁcation algorithm still needs
increasing. Considering that the convergent speed of parame-
ters to be identiﬁed is different, an adaptive identiﬁcation strat-
egy shown in Fig. 3 is established to accelerate the
identiﬁcation procedure.
4.2. Two-step identiﬁcation strategy for helicopter’s high-order
ﬂight dynamics model
The frequency band of helicopter’s high-order ﬂight dynamics
model is very wide, so it is difﬁcult to obtain accurate estima-
tion for both body derivatives and rotor derivatives simulta-
neously at all frequency points if no prior values are used. In
order to solve this problem, a two-step identiﬁcation strategy
as shown in Fig. 4 is established.
In the ﬁrst step, identify body derivatives alone at low-fre-
quency points using only rigid body ﬂight dynamics model.
Similarly, identify rotor derivatives alone at mid to high fre-
quency points using only rotor ﬂapping model. Then in the
second step, apply the preceding fast frequency domain identi-
ﬁcation method to identify 9 DOF high-order model.
5. Identiﬁcation result of BO 105 helicopter ﬂight dynamics
model
The developed identiﬁcation method in this paper is applied to
identifying high-order ﬂight dynamics model of BO 105 heli-
copter. Table 1 lists the identiﬁcation result for some of the
main derivatives.
The identiﬁed model is veriﬁed by using different test data.
Fig. 5 shows the comparison of helicopter responses due to
pilot inputs between model prediction and ﬂight test data. In
the ﬁgure, ax, ay, az are the acceleration along the X, Y, Z
coordinates, pdot, qdot, rdot are the roll angle acceleration,
pitching angle acceleration, yaw angle acceleration. The
overall accuracy of the identiﬁed model is pretty good for bothlow-frequency body responses calculation and high frequency
rotor ﬂapping responses calculation. However, there still exist
some obvious prediction errors and the main reasons can be
analyzed as follows:
(1) The model structure of identiﬁed model is simpliﬁed
after structure identiﬁcation procedure. Theoretically
speaking, all of the derivatives in matrix A and B of
Eq. (17) should have non-zero values. However, since
some of these derivatives are correlated and have large
differences in sensitivity, they must be eliminated from
model structure and be ﬁxed to zero or priori value.
Otherwise, the accuracy of parameter identiﬁcation will
be decreased considerably. The differences in model
structure lead to model prediction error.
(2) Only longitudinal and lateral excitation data are used in
identiﬁcation. The dynamic modes in yaw channel are
not excited sufﬁciently which reduce the identiﬁcation
accuracy of derivatives in this channel such as yaw
damping, yaw stability and so on. This is the direct rea-
son why yaw response prediction has relatively larger
error than other responses in Fig. 5(b) and (d).
(3) The yaw channel and lateral channel are highly coupled,
which means the roll and yaw responses are correlated.
So the lateral ﬂapping of rotor will not only lead to roll
but also yaw movement of the helicopter. Therefore, the
prediction errors of yaw responses will also inﬂuence the
accuracy of lateral ﬂapping response prediction. Since
the yaw response prediction error is relatively larger
than others as discussed previously, the prediction of lat-
eral ﬂapping response also has relatively larger errors
than the prediction of other two rotor responses.
Fig. 4 Two-step identiﬁcation strategy for high-order model.
Table 1 Identiﬁcation results of BO 105 helicopter.
Partial derivative Value Partial derivative Value
Force X to vertical velocity Xw 0.0871 Yaw moment to roll angular velocity Np 1.5324
Force X to roll angular velocity Xp 0.7054 Rotor roll moment to rotor coning angle M1srot-b0 2.9404
Force X to rotor coning angle Xb0 17.5083 Rotor roll moment to rotor lateral ﬂapping angle M1srot-b1s 2011.1
Force X to rotor longitudinal ﬂapping angle Xb1c 18.8134 Roll moment to roll angular velocity Lp 0.9602
Force X to collective input Xdcol 0.0316 Roll moment to pitch angular velocity Lq 0.1200
Force Y to pitch angular velocity Yq 3.0115 Roll moment to rotor lateral ﬂapping angle Lb1s 102.2966
Force Y to rotor longitudinal ﬂapping angle Yb1c 19.4060 Rotor pitch moment to pitch angular velocity M1crot-q 0.2758
Force Y lateral ﬂapping angle Yb1s 100.8123 Rotor pitch moment to rotor coning angle M1crot-b0 10.2974
Force Y to lateral cyclic input Ydlat 0.0533 Rotor pitch moment to rotor longitudinal ﬂapping angle M1crot-b1c 2015.8
Force Z to vertical velocity Zw 0.0542 Rotor roll moment to roll angular velocity M1srot-p 0.2606
Force Z to rotor coning angle Zb0 188.0992 Pitch moment to horizontal velocity Mu 0.0253
Force Z to rotor longitudinal ﬂapping angle Zb1c 20.5834 Pitch moment to pitch angular velocity Mq 1.1510
Yaw moment to yaw angular velocity Nr 0.6532 Pitch moment to rotor longitudinal ﬂapping angle Mb1c 39.6836
Yaw moment to rotor coning angle Nb0 51.0531 Pitch moment to longitudinal cyclic input Mdlong 0.0370
Yaw moment to pedal input Ndped 0.0476 Average rotor moment to rotor coning angle M0rot-b0 3.3215
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nal channel has the highest accuracy and this is espe-
cially true under longitudinal excitation as shown in
Fig. 5(a) and (b). The reason is that the longitudinal
channel has relatively small coupling with lateral and
yaw channel, so the lack of pedal excitation data has
small inﬂuence on the identiﬁcation accuracy of longitu-
dinal parameters.
Based on the identiﬁed model, the eigenvalues of BO 105
helicopter are calculated. Table 2 lists the result. It is obviousto see that these eigenvalues contain both low-frequency body
mode and high frequency rotor mode. Moreover, the pitch and
roll damping values for body mode are decreased compared
with those values in low-order model10, and this is because
in the high-order model, the rotor derivatives have larger con-
tributions to pitch and roll damping. This can be proven by the
two large negative real eigenvalues in Table 2 which represent
the pitch-ﬂapping and roll-ﬂapping damping respectively.
In order to examine whether the identiﬁed high-order
model increases the accuracy or not, a comparative study
between 9 DOF high-order model and 6 DOF rigid body
Fig. 5 Comparison of helicopter responses between identiﬁed model prediction and ﬂight test.
1370 W. Wumodel is performed. The identiﬁcation of 6 DOF ﬂight dynam-
ics model of BO 105 helicopter is implemented using the same
frequency domain identiﬁcation method described above
based on the same ﬂight test data. Fig. 6 shows the comparison
of helicopter response prediction between the two models. It is
obviously to see that the low-order 6 DOF rigid body model
can only follow the primary variation of the real response
curve; however, the 9 DOF high-order model can predict both
low-frequency and high frequency responses well. The differ-
ence of prediction error between low-order model and high-
order model in Fig. 6 can be explained as follows:
(1) The pilot control changes the pitch angle of rotor blade,
and then the blade ﬂaps due to the changes of aerody-
namic forces acting on it. The ﬂapping of blade leads
to the tilt of rotor. So there are always time delays from
pilot input to rotor tilt or to the changes of resultantforces and moments at the center of gravity. In low-
order model, the lack of rotor ﬂapping dynamics causes
the absence of time delays’ effect, which will surely lead
to phase error in model responses. However, in high-
order model, the time delays effect is included in the
rotor ﬂapping equations.
(2) The bandwidth of low-order model and high-order
model is quite different and this can be proved by eigen-
value analysis in Table 2. The frequency of body mode is
much lower than rotor mode, so the bandwidth of high-
order model is much higher than low-order model. This
is a direct reason why high-order model can follow the
high frequency responses well but low-order model can
only follow the low-frequency part. The above results
indicate that the introduction of rotor degrees of free-
dom is necessary for certain application of the ﬂight
dynamics model such as high bandwidth control system
Table 2 Eigenvalues of identiﬁed model.
Eigenvalue Frequency (rad/s)
0.5512 ± 5.5964j 5.6235
0.3995 ± 4.7005j 4.7174
2.7284
2.1220
1.1621
0.9890
0.4898
0.0267 ± 0.6991j 0.6996
0.4442 ± 0.4145j 0.6076
0.1066
Fig. 6 Comparison of helicopter responses prediction between
low-order and high-order model.
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in that only the high-order model can capture the high
frequency characteristics of helicopters which is very
important information for these applications.
6. Conclusions
(1) A fully parameterized rotor ﬂapping dynamics model is
derived then the rigid body ﬂight dynamics model is
extended to 9 DOF model. The application of the devel-
oped parametric model in this paper shows that it is very
suitable for helicopter’s high-order ﬂight dynamics
model identiﬁcation.(2) A frequency domain identiﬁcation algorithm is devel-
oped for identifying dynamic system. Bode sensitivity
function is derived to replace normal sensitivity function
during identiﬁcation. An acceleration strategy is estab-
lished furthermore. The comprehensive identiﬁcation
method increases calculation efﬁciency considerably
while still having high accuracy.
(3) A two-step method is established for the identiﬁcation of
helicopter’s high-order ﬂight dynamics model. This
method increases the identiﬁcation accuracy of both
body derivatives and rotor derivatives.
(4) Application of the developed method to BO 105 helicop-
ter is implemented using its ﬂight test data. The result
shows that the identiﬁcation method established in this
paper can identify high-order ﬂight dynamics model
with sufﬁcient accuracy and efﬁciency.
(5) The comparative study between low-order model and
high-order model indicates that the high-order ﬂight
dynamics model increases the frequency band consider-
ably, and the high-order model is more accurate than
low-order model especially in high frequency response
prediction.
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